Introduction
============

Fluorescent molecular probes that can label, detect, or image specific proteins^[@cit1]^ serve as a powerful tools for developing *in vitro* proteomic assays, for identifying disease biomarkers, as well as for tracking proteins in their native environments. Ideally, such systems should act as 'turn-on' fluorescent probes,^[@cit2]^ which do not generate any background signal in the absence of the bioanalyte, but emit very strongly in the presence of the protein target. In practice, however, developing fluorescent molecular switches that can recognize their target proteins with high affinity, selectivity, and sensitivity is challenging. Obtaining highly selective probes is complicated by the fact that many protein groups, which can be targeted by small-molecule-based probes, possess well-defined recognition sites that are conserved among structurally similar isoforms of the same family. High sensitivity is also difficult to achieve because common fluorescence signaling mechanisms,^[@cit3]^ such as photo-induced electron transfer (PET), charge transfer (CT), or fluorescence resonance energy transfer (FRET) often lead to a background emission signal by the unbound probes. Consequently, an excess of protein is generally required to obtain a sufficient fluorescence response. Finally, a limitation of many molecular probes, when compared with the corresponding antibodies or aptamers, is that they bind their target with lower affinities, which prevents them from detecting proteins at low concentrations. Herein, we describe the operating principles of a novel class of 'turn-on' fluorescent molecular probes that were designed to address these limitations. Specifically, we show how thiazole orange (TO) can be modified to detect different proteins, including individual protein isoforms, with high affinity, selectivity, and a high signal-to-noise (*S*/*N*) ratio.

Recently, we have shown that structurally similar biomolecules, such as saccharides^[@cit4]^ or isoforms of the glutathione-*s*-transferase (GST) family^[@cit5]^ can be discriminated using the "nose/tongue" strategy, in which combinations of non-specific fluorescent probes generate distinct optical "fingerprints" for different analytes.^[@cit3c]^ Herein, we show that it is also possible to create highly selective turn-on fluorescent molecular probes that can identify specific proteins at low concentrations and with a minimal background signal ([Fig. 1](#fig1){ref-type="fig"}).

![Schematic representation of the mechanism responsible for the 'turn-on' fluorescence signal generated upon (a) the binding of thiazole orange (TO) to a double-stranded DNA (dsDNA), and (b) the binding of a TO-based protein identifier (TOPI) to the protein of interest (POI).](c5sc01038a-f1){#fig1}

Results and discussion
======================

Design of TO-based protein identifiers (TOPIs)
----------------------------------------------

TO was selected as the signaling unit of these probes because this asymmetrical cyanine dye exhibits a remarkable turn-on fluorescence response once the torsional motion between the benzothiazole and the quinoline rings in the excited-state is restricted,^[@cit6]^ for example, upon binding to double-stranded DNA ([Fig. 1a](#fig1){ref-type="fig"}). This property has been elegantly used to construct low-noise forced intercalation probes (FIT-probes) for sensitive detection of RNA and DNA.^[@cit7]^ Other hybridization probes^[@cit8]^ as well as aptamers^[@cit9]^ or antibody-based probes^[@cit2i]^ further demonstrate the versatile use of this dye for sensing applications, and also indicate that fixating of TO in its fluorescent form does not necessarily require intercalation between DNA base pairs.

Accordingly, we anticipated that modifying TO with two protein binders would result in a TO-based protein identifier (TOPI) that is inherently non-fluorescent in the unbound state; however, it becomes highly emissive once its torsional motion is restricted upon binding to the protein of interest (POI, [Fig. 1b](#fig1){ref-type="fig"}). The bivalent interaction mode of this probe is another important property that should enable TOPI to bind its target with high affinity.^[@cit10]^ Finally, we anticipated that the interaction between the specific protein binders of TOPI ([Fig. 2](#fig2){ref-type="fig"}) and the POI would also result in the binding of the TO-core to the protein\'s surface ([Fig. 1b](#fig1){ref-type="fig"}). This assumption is based on a recent study by our group in which we showed that bringing a synthetic agent in the vicinity of a protein surface is likely to enhance its affinity toward the surface of this protein.^[@cit5]^ In the case of TOPI, such interactions could also affect the rotational motion of TO, which should enable the system to respond differently to isoforms with distinct surface characteristics.

![Structures of TO-based probes with selectivity toward acetylcholinesterase (AChE), glutathione-*s*-transferases (GSTs), and avidin (Av) or streptavidin (SAv). C6 and C17 are control compounds that lack specific protein binders.](c5sc01038a-f2){#fig2}

Based on these principles, we prepared several TOPI probes ([Fig. 2](#fig2){ref-type="fig"}) appended with two tacrine (TOPI-**1** and TOPI-**2**), ethacrynic amide (EA) (TOPI-**3** and TOPI-**4**), and biotin (TOPI-**5** and TOPI-**6**) moieties, which were intended to target adjacent binding sites within acetylcholinesterase (AChE), glutathione-*s*-transferases (GSTs), and avidin (Av) or streptavidin (SAv), respectively. Probes from each group share the same protein binders, but differ in the lengths and/or structure of their linkers. AChE is an acetylcholine hydrolase that regulates the concentration of this transmitter at the synapse.^[@cit11]^ The design of TOPI-**1** and TOPI-**2** is based on the ability of bis-tacrine inhibitors to interact both with the active site and the peripheral site of this enzyme.^[@cit12]^ GSTs are a large family of dimeric enzymes that protect the organism from toxic species by conjugating glutathione (GSH) to a variety of electrophilic substrates.^[@cit13]^ TOPI-**3** and TOPI-**4**, which are appended with two GST inhibitors (EAs), were expected to detect members of this family by simultaneously binding to identical sites within these dimers.^[@cit5]^ GSTs and AChE play a role in a myriad of cellular processes, and overexpression of these enzymes has been associated with various diseases.^[@cit11],[@cit13]^ Hence, turn-on probes for these proteins could potentially be applied in inhibitor screening, medical diagnosis, and cellular imaging. Avidin (Av) and streptavidin (SAv) are protein tetramers produced from egg whites and bacterium *Streptomyces avidinii*, respectively.^[@cit14]^ These tetramers share a similar biotin binding site but possess very distinct surfaces. Therefore, by measuring the fluorescent response of TOPI-**5** and TOPI-**6** to Av and SAv, as well as the response of TOPI-**3** and TOPI-**4** to different GST isozymes, we aimed at understanding whether the local molecular environment of TO plays a role in obtaining 'turn-on' fluorescent signals.

Fluorescence detection of different proteins
--------------------------------------------

We identified the most efficient TOPIs ([Fig. 3](#fig3){ref-type="fig"}) by measuring the fluorescence of the six probes (100 nM) in the absence and presence of their targets (90 nM) ([Fig. 4](#fig4){ref-type="fig"}). These measurements revealed that the TOPIs not only can identify their targets at low nanomolar concentrations and with high *S*/*N* ratio -- their properties can also be adjusted through the systematic modification of the length and type of linkers. TOPI-**1**, for example, which exhibited 22 fold enhancement in its emission, was found to be more efficient than TOPI-**2**, although both probes could detect AChE ([Fig. 4a](#fig4){ref-type="fig"}). Similarly, the emission of TOPI-**5** was more significantly enhanced (16 fold) when compared with TOPI-**6** (7 fold) ([Fig. 4b](#fig4){ref-type="fig"}); however, both probes responded strongly to Av and weakly to SAv. Whereas TOPI-**1** and TOPI-**2**, or TOPI-**5** and TOPI-**6** exhibited similar response trends, the emission of TOPI-**3** and TOPI-**4** was distinctly affected by different GST isozymes. Incubation of TOPI-**3** with eight GST isozymes (*e.g.*, GST-M1-1, GST-A1-1, GST-A2-2, GST-P1-1, GST-Z1-1, GST-O1-1, GST-K1-1, and GST-T1-1) resulted in an immediate fluorescence enhancement (55 fold) only in the presence of GST-M1-1 ([Fig. 4c](#fig4){ref-type="fig"}), whereas for TOPI-**4**, a strong (33 fold) turn-on fluorescence signal was observed only when it was incubated with GST-P1-1 ([Fig. 4c](#fig4){ref-type="fig"}). Interestingly, in the presence of GST-P1-1 the emission of TOPI-**3** was slowly increased over a period of 2 hours (Fig. S1[†](#fn1){ref-type="fn"}), which may result from distinct binding kinetics. Fluorescence measurements also show that different TOPIs exhibit different emission maxima ([Fig. 3](#fig3){ref-type="fig"} and S2[†](#fn1){ref-type="fn"}), which is expected from differences in the chemical structures of TO-based probes and/or their analyte target.^[@cit6b]^ The approximate dissociation constants for the TOPI-**3**--GST-M1-1 (*K* ~d~ = 16 nM ± 2) and TOPI-**4**--GST-P1-1 (*K* ~d~ = 29 nM ± 5) interactions were also obtained by performing fluorescence binding studies, in which we followed the changes in the emission upon incremental addition of each protein (Fig. S3[†](#fn1){ref-type="fn"}).

![Changes in the fluorescence signal of the most efficient TOPIs: (a) TOPI-**1**, (b) TOPI-**3**, (c) TOPI-**4**, and (d) TOPI-**5** (100 nM each) upon the addition of 90 nM of AChE, GST-M1-1, GST-P1-1, and Av, respectively. Conditions: (a) *λ* ~ex~ = 505 nm, PBS buffer (20 mM, pH = 8), (b and c) *λ* ~ex~ = 500 nm, PBS buffer (5 mM, pH = 6.5) (d) *λ* ~ex~ = 495 nm, PBS buffer (15 mM, pH = 7.3).](c5sc01038a-f3){#fig3}

![Fluorescence response of 100 nM of (a) TOPI-**1** and TOPI-**2**, (b) TOPI-**5** and TOPI-**6**, and (c) TOPI-**3** and TOPI-**4**, to the addition of 90 nM of AChE, Av and SAv, and various GST isozymes, respectively.](c5sc01038a-f4){#fig4}

Enzymatic assays
----------------

Enzymatic inhibition assays were performed to elucidate the sensing mechanism underlying TOPI probes ([Fig. 5](#fig5){ref-type="fig"} and S5[†](#fn1){ref-type="fn"}). Specifically, these assays were used to determine whether TOPIs bind their targets (a) at the active site, and (b) through a bivalent interaction mode ([Fig. 5](#fig5){ref-type="fig"}). In addition, these assays were used to investigate (c) whether the local molecular environment of the TO dye plays a role in obtaining enhanced fluorescence signals (Fig. S5[†](#fn1){ref-type="fn"}). As shown in [Fig. 5](#fig5){ref-type="fig"}, the catalytic activity of AChE, GST-M1-1, and GST-P1-1 was followed in the absence and presence of the corresponding probe, as well as with the monovalent inhibitor (tacrine or EA) or a control TO derivative (C6 or C17) that lacks the inhibitors. The fact that the three enzymes were hardly inhibited by the control compounds and that TOPIs were found to be considerably more potent than the monovalent inhibitors confirms the manifestation of the "multivalency effect", which results from the simultaneous binding of each probe at two binding sites within the enzyme. The same enzymatic assays were used to determine the approximate inhibition constant for the TOPI-**1**-AChE (*K* ~i~ = 0.32 nM ± 0.04), TOPI-**3**--GST-M1-1 (*K* ~i~ = 4 nM ± 0.6), and TOPI-**4**--GST-P1-1 (*K* ~i~ = 28.09 nM ± 3.81) interactions (Fig. S4[†](#fn1){ref-type="fn"}). The *K* ~i~ values for TOPI-**3** and TOPI-**4** are in the same range of the *K* ~d~ values derived from the fluorescence assay (Fig. S3[†](#fn1){ref-type="fn"}), which further validates that these probes bind at the active site, and that non-specific binding of the TO moiety is not the cause of the enhanced emission.

![(a) Enzymatic activity of AChE (8 pM) (![](c5sc01038a-u1.jpg){#ugr1}) in the presence of 50 nM tacrine (![](c5sc01038a-u2.jpg){#ugr2}), 5 μM C6 (![](c5sc01038a-u3.jpg){#ugr3}), and 50 nM TOPI-**1** (![](c5sc01038a-u4.jpg){#ugr4}). (b and c) Enzymatic activity of 20 nM of GST-M1-1 (b) or GST-P1-1 (c) in the absence (![](c5sc01038a-u5.jpg){#ugr5}) and the presence of 500 nM of TOPI-**3** or TOPI-**4** (![](c5sc01038a-u6.jpg){#ugr6}), respectively, as well as with 5 μM EA (![](c5sc01038a-u7.jpg){#ugr7}) or control compounds (C6 or C17) (![](c5sc01038a-u8.jpg){#ugr8}).](c5sc01038a-f5){#fig5}

Next, enzymatic assays were used to investigate the reason for the selective response of some of the TOPI probes toward specific protein isoforms ([Fig. 4c](#fig4){ref-type="fig"}). This selectivity may result from enhanced affinity toward these isoforms. Alternatively, these probes might also bind to the other (non-detected) isoforms, which would indicate that this unique isoform discrimination results from differences in the molecular environment of the protein-bound TO. Fig. S5[†](#fn1){ref-type="fn"} shows the catalytic activity of GST-A1-1 and GST-A2-2 in the presence and absence of TOPI-**3**. Although these isozymes could not be detected by TOPI-**3**, both of them were strongly inhibited by this probe with a *K* ~i~ value of 20 nM and 450 nM, respectively (Fig. S6[†](#fn1){ref-type="fn"}), indicating a bivalent probe--protein interaction. Considering that SAv was also hardly detected by TOPI-**5** and TOPI-**6**, despite its remarkable affinity to biotin (*K* ~d~ = 10^--14^ M), we can conclude that the selective detection of isoforms does not result from isozyme-specific binding. Instead, the interaction of TO with amino acid side chains in its surroundings must play an important role in achieving a turn-on emission signal. Inspection of the crystal structures and electrostatic maps of the different GSTs (Fig. S7[†](#fn1){ref-type="fn"}) reveals that they possess very similar structures. In GST-M1-1 and GST-P1-1, in particular, even the crevices between the EA binding sites have very similar dimensions and are negatively charged. This structural similarity indicates that the TOPI probes are sensitive to subtle changes in the protein structure, a property that could be either advantageous or limiting (see the conclusion section).

Selectivity studies
-------------------

To test the selectivity of the best TOPI probes ([Fig. 3](#fig3){ref-type="fig"}, TOPI-**1**, TOPI-**3**, TOPI-**4**, and TOPI-**5**) toward their targets, three additional fluorescence experiments were performed ([Fig. 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). In the first, we confirmed that these probes do not respond to the addition of a large excess of other proteins (1--2 μM) ([Fig. 6](#fig6){ref-type="fig"}). These include common serum proteins such as human serum albumin (HSA), which are notorious for forming non-specific interactions. In a second experiment we showed that the control TO derivatives, which lack the specific protein binders ([Fig. 2](#fig2){ref-type="fig"}), do not fluoresce in the presence of the detected proteins ([Fig. 7a--d](#fig7){ref-type="fig"}). Hence, this experiment further shows that it is the strong interaction of the specific protein binders ([Fig. 2](#fig2){ref-type="fig"}) that enhances a weak and non-specific interaction between the TO-core of these probes and the surface of the POIs. Finally, we tested whether the emission of these probes (in the absence of POI) is triggered by the addition of double-stranded DNA (dsDNA) ([Fig. 7e](#fig7){ref-type="fig"}).

![Fluorescence response of (a) TOPI-**1**, (b) TOPI-**3**, (c) TOPI-**4**, and (d) TOPI-**5** to the addition of the corresponding protein target (90 nM) (colored) or an excess (≥1 μM) of serum proteins (grey).](c5sc01038a-f6){#fig6}

![Fluorescence emission of (a) TOPI-**1**, (b) TOPI-**3**, (c) TOPI-**4**, and (d) TOPI-**5** or control compounds C6 or C17 before (grey) and after (colored) the addition of AChE, GST-M1-1, GST-P1-1, and Av, respectively (90 nM). (e) Fluorescence of TOPIs and TO (100 nM each) before (grey) and after (colored) the addition of dsDNA (400 nM).](c5sc01038a-f7){#fig7}

Our probes rely on an intercalating dye as the main sensing element and therefore, the goal of this experiment was to test the sensitivity of TOPIs to the presence of nucleic acids, which are prevalent in various biological samples. The strong fluorescence signal generated by the known intercalator (*i.e.*, TO) and the weaker emission generated by TOPIs under the same conditions indicate that the bulky substituents disrupt the intercalation of the probe with dsDNA. TOPIs **3--5**, in particular, exhibited negligible fluorescence responses to the addition of dsDNA, which demonstrates the feasibility of converting the known DNA intercalator (*i.e.*, TO) into a highly specific turn-on protein probe.

The high affinity and specificity of TOPIs toward their targets were also demonstrated by using them to identify inhibitors. In the following experiment ([Fig. 8](#fig8){ref-type="fig"}) TOPI-**3**--GST-M1-1 complex was subjected to different compounds and the displacement of the probes by "hit" compounds was identified by observing a reduction in the emission intensity. To demonstrate the relevance of such systems to drug discovery applications, the TOPI--protein complex was treated with a random library of drugs (grey), as well as with known inhibitors (blue). The selective identification of EA and *S*-hexyl GSH ([Fig. 8](#fig8){ref-type="fig"}), as well as the displacement of AChE-bound TOPI-**1** by tacrine and avidin-bound TOPI-**5** by biotin (Fig. S8[†](#fn1){ref-type="fn"}) provides another evidence that the probes\' response originates from selective and reversible binding at the enzymes\' active sites.

![Displacement assay in which the TOPI-**3**--GST-M1-1 complex (90 nM) is treated with 50 μM of randomly selected drugs (grey) as well as with the known GST inhibitors, EA and *S*-hexyl GSH (blue).](c5sc01038a-f8){#fig8}

Protein detection in biofluids and in live cells
------------------------------------------------

GST-P1-1 is a cytosolic protein, whereas DNA is located in the nucleus. Hence, the differences between TOPI-**4** and the known DNA intercalator (*i.e.*, TO) ([Fig. 7e](#fig7){ref-type="fig"}) could also be observed by monitoring their localization in live cells ([Fig. 9](#fig9){ref-type="fig"}). Breast cancer cells (MDA-MB-231), known to overexpress GST-P1-1,^[@cit15]^ were incubated with TO or TOPI-**4**, as well as with TOPI-**4** and an excess of EA. Fluorescent imaging shows a difference in the localization of these probes according to their biomolecule targets. Whereas treatment with the TO intercalator led to a strong green emission mainly from the nucleus ([Fig. 9b](#fig9){ref-type="fig"}), the fluorescence generated by TOPI-**4** was distributed within the cell ([Fig. 9a](#fig9){ref-type="fig"}). This emission was eliminated in the presence of EA ([Fig. 9c](#fig9){ref-type="fig"}), which is expected from the displacement of the probe by the GST inhibitor ([Fig. 8](#fig8){ref-type="fig"}). A much weaker emission signal was observed when TOPI-**4** was incubated with healthy MCF-10A cells ([Fig. 9d](#fig9){ref-type="fig"}), which further demonstrates the compatibility of TOPIs with live cell imaging applications.

![(Top) Fluorescent, (middle) bright field and (down) overlay images of MDA-MB-231 cancer cells, overexpressing GST-P1-1, after incubation with (a) TOPI-**4** (2 μM), (b) TO (2 μM), and (c) TOPI-**4** (2 μM) and EA (50 μM). (d) Images of healthy MCF-10A cells incubated with TOPI-**4** (2 μM). The scale bar is 20 μm.](c5sc01038a-f9){#fig9}

Finally, we tested the suitability of our probes to be applied in biomarker detection. In the following experiments, we demonstrate how the selective response of some of the TOPI probes to particular protein isoforms could be used to circumvent the challenge of identifying specific isoforms within mixtures. We first tested the ability of TOPI-**3** (100 nM) to detect GST-M1-1 (20 nM) in an isozyme mixture (mixture 1) containing seven additional GSTs (20 nM each) and compared the resulting emission to that generated in a solution containing the same seven isozymes without GST-M1-1 (mixture 2) ([Fig. 10a](#fig10){ref-type="fig"}). The selective detection of GST-M1-1 in a mixture of isoforms could be achieved not only due to the strong TOPI-**3**--GST-M1-1 interaction and excellent fluorescence response of the probe (55 fold), but also owing to the low background emission ([Fig. 3b](#fig3){ref-type="fig"}), which enabled us to use an excess of TOPI-**3** (100 nM) and thus, to ensure that the other isozymes will not compete with the probe--GST-M1-1 interaction.

![(a) Detection of GST-M1-1 by TOPI-**3** in a mixture (mixture 1) of multiple GST isozymes (GST A1-1, GST A2-2, GST P1-1, GST T1-1, GST K1-1, GST O1-1, and GST Z1-1, 20 nM each). Mixture 2 contains the same isozymes without GST-M1-1. (b) Analyzing the content of GST-M1-1 and GST-P1-1 (800 ng mL^--1^ each) in human urine by measuring the response of TOPI-**3** (![](c5sc01038a-u9.jpg){#ugr9}) and TOPI-**4** (![](c5sc01038a-u10.jpg){#ugr10}) to each sample.](c5sc01038a-f10){#fig10}

In the next step, TOPI-**3** and TOPI-**4** were used to sense specific GST isozymes in human urine ([Fig. 10b](#fig10){ref-type="fig"}). Elevated levels of specific GST isozymes, such as GST-P1-1, have been detected in several kidney-related diseases.^[@cit16]^ Hence, by discriminating among isozymes in urine ([Fig. 10b](#fig10){ref-type="fig"}) we aimed at demonstrating the applicability of this approach to biomarker detection. Human urine samples were spiked with medicinally relevant concentrations of GST-P1-1 (800 ng mL^--1^),^[@cit16]^ as well as GST-M1-1, and their combination. Isozyme analysis was achieved by enriching the GST content of each sample using a GSH column subjecting it to TOPI-**3** and TOPI-**4**. As shown in [Fig. 10b](#fig10){ref-type="fig"}, the resulting fluorescence intensities provided a clear-cut analysis of the isozyme composition within each sample. This experiment also highlights the differences between our system and common techniques used in biomarker detection. Enzymatic assays,^[@cit17]^ for example, which can straightforwardly detect high enzyme concentrations, are often unsuitable for distinguishing among isozymes, whereas isozyme detection by antibody-based techniques generally requires stepwise incubation and labelling steps.

Conclusions
===========

In summary, we have presented a new class of turn-on fluorescent molecular probes for the sensitive and selective detection of different proteins. The generality of this approach was demonstrated by the ability of TOPIs to detect members within all three protein groups that were selected for this study. The ways by which these probes can be applied in inhibitor screening, cellular imaging, and biomarker detection have also been demonstrated. A unique property of these systems is their ability to distinguish among proteins that have very similar binding sites. We have shown that although one probe can bind several proteins with similar affinities, these interactions lead to markedly distinct fluorescence responses. This property thus indicates that the emission of TOPIs is largely affected by the local molecular environment that is created for TO dye upon forming the probe--protein complex. A weakness of this sensing mechanism lies in the general difficulty of predicting the way synthetic molecules interact with protein surfaces,^[@cit18]^ which could complicate the rational design of isoform-specific probes. On the other hand, our results show that this challenge can be addressed by systematically modifying the structure of these probes and screening for their fluorescence responses. What distinguishes the TOPI technology from various other fluorescent molecular probes for proteins^[@cit2]^ is the ability to use a single molecular sensing platform, which integrates the strong 'turn-on' emission of TO and the high binding affinity of bivalent inhibitors for detecting various different proteins including individual protein isoforms. Given that about 30% of human proteins are homodimers,^[@cit19]^ and that a general and easily applicable procedure for preparing such systems is in hand, we expect that various other TOPIs would be developed and contribute to the ability to detect and image proteins with fluorescent molecular probes.
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